In the independent micro-grid containing multi micro-source, the virtual synchronous generator (VSG) control can improve the frequency response characteristics by adopting the fixed inertia, but which cannot act well both in the dynamic adjustment of VSG active power and frequency. To solve this problem, the fuzzy control of inertia (FCI) was proposed in this paper. Firstly, the mathematical model of VSG was established in the synchronous rotating reference frame, in addition, the influence of inertia on the characteristics of VSG was analyzed. Secondly, a fuzzy controller of inertia is designed, and the fuzzy control rules are obtained through the analysis of different operation conditions, so as to realize real-time dynamic adjustment of inertia. Finally, on condition that VSG was put into the micro-grid and load disturbance in isolated grid, the power and frequency response curves of VSG control and FCI control were compared in the simulation environment of Matlab/Simulink. The simulation results show that the proposed strategy can avoid instantaneous power oscillation when VSG was connected into micro-grid, and achieve effective optimization of frequency response curve.
INTRODUCTION
Micro-grid consisting of distributed generation unit, energy storage device, inverter, load and monitoring and protection device is a small power distribution system, and it includes two operation modes: grid connected and grid isolated [1] [2] . In the isolated mode, the intermittency and volatility of distributed energy, the unpredictable load disturbances and the improper designs of parameters result in some obstruction to the frequency stability control of micro-grid system [3] .
The droop control [4] [5] can improve the operation characteristics of inverters when active frequency modulation and reactive power regulating control of synchronous generator _________________________ School of Information Engineering, Xiangtan University, Xiangtan, Hunan Province, China 411105 was used in inverter power control, but there is a problem of poor frequency resistance to load disturbance. If the inertia and damping characteristics of the synchronous generator can be simulated, this problem will be solved, so the virtual synchronous generator technology [6] [7] [8] emerges as the times require. However, the above researches focus on simulating the operation characteristics of synchronous generators, but ignore that the VSG can be more flexible than real synchronous generator on the parameters setting, such as inertia and damping coefficient. Inspired by this, an adaptive control of inertia and damping coefficient to optimize the frequency response curve was proposed in [9] . But in this paper, the inverter is equivalent to the current source, so the strategy is not suitable for independent micro-grid. Paper [10] proposes an adjustable inertia control strategy based on bang-bang control, which realizes dynamic tracking of frequency by inertia. But it may be not stable when a little disturbance happens. According to the power angle characteristic of synchronous generator, a method of adaptive control of inertia is proposed in [11] , which can satisfy the requirement of small power and frequency overshoot both in grid-connected and isolated mode. But it leads to a new problem that the frequency recovery lasts too long. So this paper proposes the fuzzy control of inertia (FCI). The fuzzy controller is designed based on the offset and variation of frequency to realize the real-time dynamic adjustment of the inertia and achieve a more stable performance. Finally, the simulation results show that the proposed strategy can not only guarantee the parallel dynamic performance, but also suppress the excessively fast frequency change and make the frequency quickly return to the rated value. Figure 1 is an independent micro-grid schematic diagram and control block diagram containing two sets of VSG. VSG control is divided into modulation layer, control layer and function layer, in which the modulation layer is SPWM control, and the control layer uses voltage and current double closed loop PI control. The function layer is the core algorithm to realize VSG control, which is divided into bottom layer control (droop control and inertia control) and upper layer control (droop control's compensation control and multi machine coordinated control). As show in Figure 1 
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Frequency Control
The frequency control of VSG is used to simulate the rotor motion equation of the synchronous generator to make the inverter get the frequency inertia similar to the synchronous generator. Assuming that the polar logarithm is 1, the mechanical angular velocity is equal to the electric angular velocity, and the rotor motion equation can be expressed as
(1) where m ω and ω is the rated and actual rotor angular velocity; m T , e T and d T is the mechanical torque, electromagnetic torque and damping torque; D is the damping coefficient; J is inertia; δ is the power angle.
J makes the inverter get inertia in the dynamic process of power and frequency, and D plays the role of damping power oscillation.
Voltage Control
The voltage control of the VSG is designed to simulate the excitation regulation of the synchronous generator, so as to express the droop characteristic of reactive power and voltage amplitude. Its expression is
(2) where U n is the rated voltage, n Q is the reactive voltage droop coefficient, Q ref and Q is the given and output reactive power.
In order to achieve accurate power division, suppress the circulation between parallel VSG and improve the stability of VSG parallel operation, the virtual impedance method is introduced, which can be expressed as
where R v is the virtual resistance, L v is the virtual reactance.
By the formula (3), the expression of the virtual impedance is v v Z=R +jωL . In fact, the formula (3) is also the two order equation of the synchronous generator, and the R v and L v are respectively synchronous resistance and synchronous reactance.
FUZZY CONTROL OF INERTIA
From the section 2.1, we know that VSG control is considering inertia and damping characteristics on the basis of traditional droop control, which makes VSG have inertia and damping in dynamic process of power and frequency. But unlike synchronous generators, the selection of VSG virtual inertia J will not be limited by physical conditions, and different values can be selected according to the actual requirements. This section will focus on the impact of J on the VSG output feature.
The Influence of the Inertia J on the VSG Characteristics
According to the contents of section 2.1 and Figure 1 , the transfer function of the active power can be expressed as 
For the formula (7), ∆ω can be approximated to dω/dt . Then, it can be seen that J is inversely proportional to dω/dt , namely, are inversely proportional to df/dt . When D is fixed, the larger the J is, the smaller dω/dt and df/dt is.
Fuzzy Control of Inertia
For the independent micro-grid containing multiple VSG, when VSG is integrated into micro-grid, we hope that micro-grid will have large damping to suppress power oscillation. When load is disturbed, we hope J will effectively slow down the frequency conversion rate, and after the load disturbance ends, we hope that the frequency will recover quickly. If the constant VSG inertia control is adopted, the above requirements can't be met. Therefore, in this paper, fuzzy control of inertia is adopted to adjust the value of J in real time according to the changes caused by load disturbance, so as to avoid the rapid rise and fall of frequency and improve the frequency response characteristics. The structure of the fuzzy controller is shown in Figure 2 . The fuzzy controller's input variables are ∆f and df/dt . After fuzzification, fuzzy inference and deffuzzification, the output variable ∆J is obtained. Then the real time J is formed by ∆J and the initial value 0 J to achieve dynamic adjustment of inertia. Scaling factors 1 α , 2 α and 3 α is used to regulate fuzzy controller to achieve good dynamic performance. The fuzzification is to convert the input value to fuzzy vector through membership functions, and each input value's universe of discourse must be converted by its membership functions. The reverse process applies to the defuzzificaton block. Triangle membership function is introduced and the membership functions of input signals and output signal are shown in Figure 3 in scale of [0,1] where NB represents negative large, NS represents negative small, Z represents zero, PS represents positive small, PB represents positive large.
Before obtaining the fuzzy control rules, it is necessary to analyze the different operating conditions: 1) when VSG is put into or cut out from the micro-grid, J should be a smaller value, that is to say, ∆J is negative small or negative large, so that the power does not oscillate; 2) when there is the load disturbance, ∆f is positive small or positive large after the regulation of quantitative factor 1 α . At this time, the frequency shift is too large. So J should be a larger value, equally, ∆J is positive small or positive large, which can reduce the frequency change rate and avoid the problem of excessively fast frequency change in VSG control; 3) when the load disturbance is eliminated, the frequency change rate is zero to reverse, namely, df/dt 0 ≥ . At this time, J needs to be a smaller value to speed up the frequency recovery. If the recovery lasts too long, the frequency will be seriously deviated from the rated value if the frequency is not restored to the rated value at the time of the next disturbance. The fuzzy rules are summarized in Table I . Table I . Fuzzy Rules of the Inertia.
The fuzzy inference algorithm used here is the Max-Min algorithm. Finally, we use the method of area gravity to defuzzification, and get the exact value ∆J.
SIMULATION
To verify the effectiveness of the proposed strategy, an independent micro-grid simulation model containing two VSG is built in Matlab/Simulink, and the simulation parameters are shown in Table 2 . The following simulation is made as follows: VSG1 runs separately with 10kW load, VSG2 runs unloaded, and VSG2 parallel pre-synchronization unit is started at the same time. The output voltage phase of two VSG is the same at t=0.5 second. Meanwhile, the VSG2 parallel pre synchronous unit is cut off, and the parallel switch S1 is closed at the same time. At t=1 second, 10kW load is put into again, and 10kW load is removed at t=1.5 second. The simulation is ended at t=2.5 second. , there is no active power oscillation, but the frequency response speed is fast when the load is cast, which is not conducive to the stable operation of the independent micro-grid. When J equals 0.4 and 0.8 2 kg m ⋅ , the frequency change speed has slowed down, but the active power oscillates in the process of VSG input. After the load is removed, the frequency recovery is slow, and the larger the J, the longer the active power oscillation and the frequency recovery time is. It can be seen that the VSG control is a constant inertia control, and the optimization of the frequency variation curve when both active and load disturbances can't be taken into account at the same time.
Figure 4 (d) shows the FCI's active and frequency waveforms. Under FCI control, we can ensure that VSG does not generate power oscillation when it is put into micro-grid, and it can also achieve slow change in load disturbance. Figure 4 (e) for the comparison of frequency waveform VSG control and FCI control strategy, FCI control strategy has better control effect, because it can not only inhibit the load disturbance frequency changes too fast, but also make the frequency quickly return to a steady state value, So the frequency response curve is optimized, and this strategy can improve independent micro-grid stability. 
CONCLUSION
In view of the problem that virtual synchronous machine with fixed inertia control can't take account of the dynamic characteristics of power and frequency, this paper proposes a FCI control to improve the active and frequency characteristics. The proposed controller achieves a more stable performance, which is verified by the simulation results. The results showed that the dynamic performance of power and frequency is realized. The FCI control can avoid active power oscillation when the VSG is put into the micro-grid, make the frequency transit to a steady state slowly when there is load disturbance, and shorten the recovery time at the end of load disturbance.
